Substructures and microsegregation of / laths are analyzed with HRTEM and HAADF-STEM. Results show that the substructures are generated during evolution of shear transformation on the (111) plane of lath. At the beginning, shear transformation evolves in a single lath, and a superstructure intrinsic stacking fault (SISF) forms in the lath. After the formation of the SISF, the shear transformation may evolve in two different ways. If the shear transformation evolves into neighboring laths, the SISF also penetrates into neighboring laths and a ribbon of SISFs forms. If shear transformation continues to evolve in the original lath, complex substructures begin to form in the original. If shear transformation in the original lath is homogeneous and complete, secondary twin forms which may further grow into twin intersection. Incomplete shear transformation could not form secondary twins but generates a high concentration of planar faults on the (111) plane. These planar faults may further penetrate the / lath interface, grow into adjacent laths, and form a ribbon of planar faults.
Introduction
-TiAl is an important low density, high strength structural alloy for application at high temperature (up to 900 ∘ C) [1, 2] , which draws much attention in the field of aeronautics, astronautics, and automobiles [3, 4] . The most important microstructure of -TiAl is full lamellar structure, which consists of 2 and laths. Fine, equiaxed full lamellar microstructure can serve excellent overall mechanical property at high temperature. The mechanical property of lath is heavily dependent on its substructures, and the most common substructures in the lath are superstructure intrinsic stacking fault (SISF), antiphase boundary (APB), and secondary twin [5] . The formation of the SISF and the secondary twin are both on the (111) plane, and it is explained by three different theories. Study [6] reveals that SISF and secondary twin form during shear transformation on the (111) plane. In a different theory, the SISF and the secondary twin may also be generated by movement of dislocations on the (111) plane [7] . Last but not least, SISF and secondary twin could form by subinterfaces. Considering all these 3 relative theories, the formation of SISF and the secondary twin is a complex process. The complex microstructure of SISF and secondary twin should be characterized and compared, so their formation could be further explored; the growth mechanism of them can thus be studied, and an overall growth mechanism could be proposed.
In the current work, structure and segregation of SISF and secondary twin are analyzed with high resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM). Afterwards, the formation mechanism of SISF and secondary twin is proposed. With these works, the subsequent substructures of SISF that are twin intersection and a high concentration of planar faults are explored. The formation mechanisms of twin intersection and planar faults are thus discussed.
Experimental
Chemical composition of the alloy in this work is Ti-48Al-2Cr-2Nb (at%). The ingot was prepared by vacuum arc melting, and then the sample was prepared with investment pattern precision casting. Afterwards, the sample was annealed in the atmosphere of argon gas at 1380 ∘ C for 1 h, followed by furnace cooling. Oxygen concentration of the sample is 200∼300 ppm. Microstructure analysis, HRTEM, and HAADF-STEM were conducted with an FEI Tecnai G2 F30 transmission electron microscopy (TEM). Figure 2 (c) is a schematic illustration of the same region. When the laths grow in the lateral direction, the stack sequence may change (from ABC to ACB), so twinning occurs. Twinning is an important mechanism for lateral growth. For the three twin laths, a SISF forms on the (111) plane of T 1 . Driving force of the SISF is internal stress generated by phase transformation → [8] . On the T 1 /M 2 interface, lattice distortion can be observed. On the M 1 /T 1 interface there is almost no SISF, and this interface is almost a perfect twin interface. Figure 2 (b) is a HAADF-STEM graph, so it manifests segregation of Ti and Al in the three laths. In Figure 2 (b), the red region represents high Ti/Al ratio while the green region represents low Ti/Al ratio. As can be seen, in most parts of the lath, it is homogeneously green so the Ti/Al ratio is stable. Ti atoms segregate on the SISF and the T 1 /M 2 interface, where the Ti/Al ratio is much higher than that inside the laths. On the M 1 /T 1 interface, there is no clear segregation and the Ti/Al ratio is almost the same as that inside the lath. Considering the SISF and distortion (Figure 2(a) ), it seems like that the Ti atoms tend to segregate where the lattice structure is changed. Figure 2 characterized and discussed the structure and segregation of SISF. The formation of SISF is via propagation of 1/6[112] Shockley partials [9, 10] . The Shockley partial moves on the (111) plane and causes shear transformation on the plane. Because of the shear transformation, SISF
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[111] Figure 2 (112) or (110) planes [12] . Considering that the (112) and (110) planes are made of one type of atoms, this dislocation movement may increase the Ti concentration on the slide plane, as shown in Figure 2(b) . On the M 1 /T 1 interface, no dislocation movement takes place, so the chemical composition remains unchanged. A schematic illustration of the reaction and movement of dislocations is shown in Figure 3 .
The SISFs formed on the (111) plane may later penetrate into adjacent lath and engender SISFs in the adjacent lath, so a continuous ribbon of planar faults may exist and penetrate a few / lath interfaces, as shown in Figure 4 (a). The ribbon is made of many planar faults, so it is accompanied with shear transformation on the (111) plane when it penetrates the laths and / lath interfaces. This shear transformation is large, that the lath is deformed and the / lath interface is broken into two pieces. Considering this, lattice distortion can be observed on the / interface. Figures 4(b) and 4(c) show the lattice distortion upper and lower to the ribbon. As shown in Figure 3 , the upper distortion is generated by −1/3[111] partials, so it is perpendicular to the interface; the lower is generated by 1/6[110] partials, so it is parallel to the interface. As discussed above, 1/6[112] is the most common shear transformation on the (111) plane, and it could form SISF on the (111) plane. However, other shear transformations may also take place, that is, 2 times of 3 times of 1/6[112], and thus form more complicated planar faults.
After formation of the ribbon, shear transformation may further develop and more complicated substructure could form. Figure 5 shows two major possible substructures: twin intersection and high concentration of planar faults. Figure 5 (a) illustrates a SISF formed on the (111) plane. A 1/6[112] shear has already taken place to form the SISF, so it could act as nuclei for further shear transformation [13] . If the following shear is complete and homogeneous, secondary twin may form on the (111) plane. Yoo and Hishinuma [14] relationship with the original lath, the twinning system is totally changed. The original 1/6[112](111) system becomes 1/18[552](115), which is immobile [15] . Because of this, the adjacent lath could provide an efficient barrier to the penetration of secondary twin, and the adjacent lath is thus called barrier twin [16] . Also, the growth of the secondary twin may be deflected at the twin interface, since twinning transformation takes place, and an intersection of twins thus forms. Figure 5 (b) shows a schematic illustration and a TEM graph of the twin intersection.
If the shear transformation following the formation of SISF is incomplete or inhomogeneous, a high concentration of planar faults may form based on the SISF. As discussed above, the formation of secondary twin requires 4 times of 1/6[112] shear transformation. The 4 times of shear must act on the same (111) plane. If they act on different (111) planes, it could lead to formation of 4 SISFs. Also, shear of 2-3 times of 1/6[112] may also lead to planar faults. The formation of planar faults requires less shear transformation compared with the secondary twin, so the concentration of the planar fault is much higher than that of the secondary twin. The planar fault may also penetrate through the / lath interface. Because the formation of planar faults requires less shear transformation, the penetration is much easier compared with the secondary twin, and the high concentration of penetrating planar faults can be also observed on the (111) plane of adjacent, twinning laths. The distortion caused by penetration distributes homogeneously on the / lath interface, so the over configuration of the interface is changed. It is not straight any more, but curved where the distortion is relatively strong. Figure 5 (c) shows a schematic illustration and a TEM graph of the penetrating planar faults. As can be seen from the TEM graph, planar faults almost fill up the laths.
Summary
Shear transformation is a major mechanism for deformation mechanism for laths. In the current work, the shear transformation on the (111) plane of laths and its relative substructures are analyzed.
At the beginning of shear transformation, 1/6[112] Shockley partials are generated and SISF forms. As the shear transformation develops, the SISF can act as nuclei of more complex substructures. If the subsequent shear transformation is homogeneous and complete, secondary 6 Advances in Materials Science and Engineering twin could form. The secondary twin may penetrate the / lath interface and form a twin intersection. If the subsequent is inhomogeneous or incomplete, secondary could not form and planar faults form instead. The planar fault may also penetrate the / lath interface and engender planar faults on the (111) plane of adjacent laths.
